In this study the authors analyze the peculiarities of the parasellar anatomy and the topography of surgical approaches to the parasellar region (PSR) in human infants.
al.; [39] however, information about structures in young children is scarce. The space lateral to the sella turcica is termed the "parasellar region" and consists of three separate compartments. [45] Exact anatomical descriptions of the peculiar infant topography, pathways for surgical approaches, and measurements of important distances thus far have not been available. The goal of this study is to improve the anatomical knowledge of this confined space and to serve as a guideline for radiologists and neurosurgeons.
MATERIALS AND METHODS
Forty-nine parasellar regions (PSRs) of human infants, aged between 0 and 9 months (mean 4.3 months) were removed from skull bases at autopsy and were fixed in 3.7% neutral buffered formaldehyde. Twenty specimens obtained from the left side and 24 from the right side were microdissected, measured, and photographed with the aid of a dissecting microscope. Four other specimens were decalcified in Cal-Ex, dehydrated in ethanol, and embedded in Paraplast. Three of these specimens were sectioned in a coronal plane and one was sectioned in a transverse plane at a 7-µm thickness, using a rotation microtome. Subsequently, sections were dyed with standard hematoxylin and eosin, Goldner's, and Mallory's stains.
One specimen (obtained in an infant who died at 3 weeks of age) was reconstructed in a three-dimensional manner on the computer so that our findings could be verified and better visualized. The PSR was dehydrated in saturated ethanol/lead acetate solutions, embedded in paraplast, and sectioned on a specially adapted rotation microtome. After each section had been obtained, the sectioning process was interrupted. The cutting surface of the embedding block was stained with a concentrated sodium sulfide solution and episcopic images of the block surface were captured using a video microscope that was connected to a computer. Subsequently, the contours of bone, nerves, blood vessels, and adipose tissue bodies were outlined in each image by using public domain imaging software. The binary images were transferred to a graphics workstation and were reconstructed in a three-dimensional fashion by using reconstruction software. For details of the technique, see Weninger, et al. [43] 
Sources of Supplies and Equipment
The Wild-Heerbrugg M-8 dissecting microscope, the Leitz rotation microtome (model 1516), and the Reichert-Jung rotation microtome (model 2030) used for the three-dimensional reconstruction were purchased from Leica Microsystems (Wetzlar, Germany 
RESULTS

Topography of the PSR in Infants
As in adults, the internal carotid artery (ICA) enters the PSR in infants through the carotid canal and, traditionally, is said to form the carotid siphon. In 92% of our cases, the angle of the posterior knee of the carotid siphon was greater than 70š; therefore, the parasellar portion of the ICA rarely formed a characteristic siphon in the infant. In 25% of our cases the course of the ICA was almost completely straight with an angle at the posterior knee measuring more than 130š. We thus use the term "parasellar portion," rather than "carotid siphon" throughout the text. The straight course of the ICA causes a voluminous connective tissue space in the upper posterior portion of the PSR (Fig. 1) . This space is filled by branches of the artery, the venous plexus, and sometimes by adipose tissue islands (in 33% of cases). In none of our specimens did any segment of the ICA lie directly adjacent to the lateral wall of the cavernous sinus. The ICA leaves the PSR, perforating the diaphragma sellae medially from the tip of the anterior clinoid process. On average, the center of its lumen is located 5.56 mm lateral to the median sagittal plane (Table 1) .
Two large vessels and several small branches originate from the parasellar portion of the ICA (Fig. 1) . The small branches arise from the medial surface of the artery and supply the pituitary gland. The meningohypophyseal trunk arises from the vertex of the posterior knee. It ramifies into the clival branch (dorsal meningeal artery), tentorial branch, and inferior hypophyseal artery. The inferolateral trunk originates from the lateral side of the C 4 segment and immediately descends to pass between the abducent nerve and the ophthalmic nerve. It divides into the anteromedial branch, which accompanies the abducent nerve, the anterolateral branch, which accompanies the maxillary nerve, the posterior branch, which runs to the mandibular nerve, and the superior branch (Fig. 1) . The superior branch ascends occipitally. It runs along the trochlear nerve and reaches the tentorium cerebelli. The superior branch again gives rise to two small branches. One runs lateral to he trochlear nerve, whereas the second crosses Parkinson's triangle obliquely. Sometimes one or even both of them perforate the trochlear nerve (Fig. 2) . The so-called "cavernous sinus" of infants is not a septate dural space, as described in adults, but consists of individual veins. In the anterior portion of the PSR, a number of small veins lie scattered between the cranial nerves ( Fig. 3) , whereas the posterior portion of the PSR contains a venous plexus. The superior ophthalmic vein represents the main tributary to this plexus. This large vessel runs along the lateral rim of the superior orbital fissure and enters the PSR below the ophthalmic nerve. Here it is located between the pterygopalatine compartment, which contains the parasellar adipose body, and the orbital compartment, which contains the orbital adipose body (Fig. 3) . In front of the anterior knee of the carotid siphon, the ophthalmic vein turns toward the body of the sphenoid bone and continues medially from the ICA (Fig. 1) . 
Very few major deviations from this general blood vessel pattern were observed. The reconstructed specimen (Fig. 1) represented the only case in which the superior ophthalmic vein crossed over the ophthalmic and trochlear nerves. In one dissected specimen, a regularly ramifying inferolateral trunk arose from the meningohypophyseal trunk instead of from the sagittal part of the parasellar portion of the ICA. In another specimen, the ophthalmic artery arose from the ICA within the PSR and, subsequently, entered the orbit via the superior orbital fissure.
Distances Within the PSR in Infants
The measurements taken from all microdissected specimens provided a number of quantitative data important for neurosurgical approaches and radiological diagnosis. All distances are given as mean values. The distance between the bottom of the medial cranial fossa and the petroclinoidal fold, at the level of the stalk of the pituitary gland, is 13.54 mm. The petroclinoidal fold is situated 9.34 mm lateral to the median sagittal plane. The distance between the tip of the anterior clinoid process and the tip of the posterior clinoid process measures 8.09 mm.
The oculomotor, trochlear, trigeminal, and abducent nerves pass through the PSR (Fig. 1 ). Distal to their entrance through "dural pores," they are ensheathed by invaginations of the meningeal dural layer for a few millimeters. The distances between the dural pores and various osseous landmarks are given in Table  1 .
Surgical Approaches
Two lateral approaches to structures inside the PSR are recommended for infants. The lower anterior portion of the PSR can be reached by the anterolateral approach, entering between the ophthalmic and maxillary parts of the trigeminal nerve. The upper posterior portion of the PSR is best reached through Parkinson's triangle, the space between the upper rim of the trigeminal nerve and the lower rim of the trochlear nerve (Fig. 4) . Fig. 4. Photograph showing lateral approaches (orientation: frontal on left) . The pterygopalatine compartment, containing the parasellar adipose body (P), and the ophthalmic vein are prepared using the anterolateral approach. The meningohypophyseal trunk (arrow) and its branches are prepared using Parkinson's approach. Note the superior branch of the inferolateral trunk below the trochlear nerve.
Anterolateral Approach. In 80% of the cases, the pterygopalatine compartment was located immediately underneath the dura mater and had to be opened if the anterolateral approach was used. The pterygopalatine compartment connects to extracranial tissue spaces. It contains the parasellar adipose body (Figs. 3 and 4) and a ganglion that is reached by sympathetic nerve fibers from the internal carotid plexus via the trochlear nerve. The superior ophthalmic vein runs between the pterygopalatine compartment and the orbital compartment (Fig. 3) . In each case, this large blood vessel was located immediately underneath the anterolateral wall of the PSR and appeared after the dura mater had been removed.
Parkinson's Triangle. On average, Parkinson's triangle is 3.48 mm high at the level of the posterior clinoid process. Along the upper rim of the trigeminal nerve the side of this triangle is 7.33 mm and along the clivus its side is 3.77 mm long (Fig. 5) . The limiting factor for safe approaches toward structures of the upper posterior portion of the PSR is the height of the triangle. Heights greater than 3 mm, as present in 45% of the cases we examined, allow safe approaches. In 36% of our cases the height was even greater than 4 mm. In two cases, in which the height of Parkinson's triangle was less than 1 mm, the distance between the oculomotor nerve and the trochlear nerve was 3 mm. These data show that in 50% of the cases examined in this study the meningohypophyseal trunk, its branches, the site of its origin from the ICA, and the medial wall of the upper posterior portion of the PSR are approachable through Parkinson's triangle (Fig. 5) . Most of the sympathetic nerve fibers that pass through the PSR form a common sympathetic trunk medial to the abducent nerve and below the C 4 segment of the parasellar portion of the ICA. Therefore sympathetic nerve fibers, which ultimately innervate targets in the orbit, the pineal gland, and the brain, are not at risk when using Parkinson's approach in infants. 
DISCUSSION
Various tumors that occur in the PSR of children during their 1st year of life require surgical treatment. [33] [34] [35] In addition to these primary intracranial tumors, a number of pathological processes of the orbital apex can extend into the PSR. They are treated by both ophthalmologists and neurosurgeons. [4, 36] As Pikus, et al., [33] have emphasized, an exact knowledge of the parasellar anatomy is critical for surgical interventions within this space. Extremely careful preparation is necessary because of the limited blood volume and cardiovascular reserve of young children. In this study we present a basis for safe approaches to pathological processes occurring within the PSR of infants.
Topography of the PSR in Infants
In infants, the space lateral to the sella turcica is preferably called the "parasellar region" and consists of three separate compartments. [45] In adults, the parasellar portion of the ICA forms the carotid siphon. The angle of its posterior knee measures 15 to 120š and mostly fills the upper posterior portion of the PSR. [27] In contrast, the course of the parasellar portion of the infant ICA is much straighter and, therefore, the upper lateral portion of the PSR is very spacious. The blood vessel is never fully adjacent to the lateral wall of the PSR, as it is in 14% of adults. [27] The parasellar trunks of the ICA originate and ramify in the same manner as described for fetuses17 and adults. [25, 30] We recognized McConnell's arteries, [26] but their origins were not further analyzed.
In all specimens the occipital portion of the PSR harbored a venous plexus, whereas the frontal portion merely contained some small veins and the large superior ophthalmic vein running between the orbital and pterygopalatine compartments. These findings support earlier notions that reject the presence of a septate cavernous sinus in adults and instead postulate a parasellar venous plexus. [31, 41] Cannulation of the superior ophthalmic vein sometimes is used for radiological diagnosis and transvenous treatment of arteriovenous malformations. [12, 13, 19] The relationship with the pterygopalatine compartment opens the possibility of cannulating the superior ophthalmic vein through the infratemporal fossa via the pterygopalatine compartment or directly through the anterolateral approach.
The positions of the dural pore entrances of the cranial nerves in relation to osseous landmarks differ between adults and children. For example, in adults the dural pore of the oculomotor nerve is mostly situated at the level of the posterior clinoid process or even far behind this process. [20] In contrast, the infant dural pore is always situated in front of the posterior clinoid process (on average 3.99 mm). This corresponds to approximately half the distance between the anterior and posterior clinoid processes.
All these anatomical differences between adults and infants demonstrate that the infant's PSR does not represent a small version of the adult cavernous sinus. The osseous structures bordering this space undergo continuous transformations throughout childhood, [24] as do the tissues and structures of the PSR. Therefore, existing topographic analyses of the adult cavernous sinus region do not provide sufficient orientation for neurosurgery and neuroradiology.
Surgical Approaches
In infants, the anterolateral approach through the triangle between the ophthalmic and the maxillary portions of the trigeminal nerve [37] opens the pterygopalatine compartment and uncovers the superior ophthalmic vein. Through this approach, the frontal portion of the PSR, which contains the parasellar adipose body, the vein and the anterolateral branch of the inferolateral trunk of the ICA can be reached. However, the location of the superior ophthalmic vein, immediately beneath the dura mater in the anterolateral approach, may lead to further ideas for using this location for intravascular approaches to the parasellar venous plexus.
Until now, measurements and analyses of surgical approaches made through Parkinson's triangle [32] were only available for adults. [14, 21, 23] We propose that a height of more than 3 mm for Parkinson's triangle is the limiting factor for safe approaches and we found distances exceeding this limit in 45% of our cases. In 5% of our cases, in which the height was less than 3 mm, the PSR could be approached through the space between the oculomotor and trochlear nerves. Thus, in 50% of these cases, the upper posterior portion of the PSR could be reached without damaging any cranial nerve. In infants, the parasellar sympathetic pathways to the orbit, brain, and pineal gland form a common sympathetic trunk below the sagittal portion of the parasellar ICA. [44] Thus, they are not at risk when Parkinson's approach is used.
CONCLUSIONS
Anatomical analyses and measurements of important distances were performed in the infant PSR and were compared with those found in adults. It was found that important differences exist in the composition and topography of blood vessels and nerves. For example, in the infant, the parasellar portion of the ICA is surrounded by a venous plexus and does not form a characteristic siphon; the superior ophthalmic vein is located between the orbital and parasellar adipose bodies before it turns medially to continue between the ICA and the sphenoid bone; the entrance to the dural pore of the oculomotor nerve is situated midway between the anterior and posterior clinoid processes. In addition to these anatomical descriptions, topographical analyses and measurements applicable to the anterolateral surgical approach and to Parkinson's triangle were performed. We describe in detail the structures that can be approached safely through these pathways, as well as situations that may complicate surgical interventions. Thus our study can serve as a guideline for radiologists and neurosurgeons in the treatment of parasellar diseases in neonates and young children.
